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ATPTTUDE~-TEST-CHAMBER INVESTIGATION OF PERFORMANCE
OF A 28~INCE RAM-JET ENGINE
IIT - COMBUSTION AND OPERATIORAI. PERFORMANCE OF
THREE FIAME HOLDERS WITH A CENTER PILOT BURNER

By Thomas B. Shillito, George G. Younger
and James G, Henzel, Jr,

SUMMARY

A direct-connect altitude-test-chamber investigation of the
combustion performance of a 28-lnch-diameter ram-Jjet engine with
a can-type center pllot burner has been conducted at the NACA Lewls
laboratory. Combustion~chamber configurstions employlng three dif-
ferent flame holders were Iinvestigated at a simulated flight Mach
number of 2.0 and altitudes of 45,000, 50,000, and 55,000 fest.

The best of the three conflguratlions lnvestlgated had a peak
combustlion efficiency of about 0.90 and an operating fuel-alr ratio
range varying from 0.019 to 0.099 at an altltude of 45,000 fegt and
from 0,021 to 0.053 at an altitude of 50,000 feet. A comparis n of
the best conflguration employing a pilot burner wilth configuratlions
without a pllot burmer, which were previously Investigated, showed
that the pillot-burner configuration was superlor because of its
lower lean limlite of combustlon, The differences in steady-burning
performance were small over the comparable range of fuel-air ratios
for configurations with and without pillot burners.

' INTRODUGCTION

An Investlgation of the altitude performance of & Z28-inch-
dlameter ram-jet engine has been conducted in a 10-foot-diameter
altitude chamber at the NACA Lewis laboratory. This engine 1is
being developed by the Marquardt Aircraft Company for use in a:
Grumman Aircraft Engineerling Corporation best vehicle as part of
a Navy gulded-missile project. The missile 1s to be launched by
a rocket booster snd is to climb under its own power to & cruising
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altitude of 50,000 feet. The vehlicle control systems are designed
to maintain a Mach number of 2.0 during the climb and cruise
condltions.

Resulte.of altltude~test~chamber investigations of this engine
for combustlon-chamber configurstlions employing 10 different gutter-
type flame holders with the sams fuel-Iinjectlon system are reported
in references 1 and 2, The range of flame-holder gecmetry covered
was sufficlent to indicate an optimum design of simple gutter-type
flame holder to be used for the coambustion chamber then being inves-
tigated, Because the investigations of references 1 end 2 indicated
that & center pilot burner in conJunctlion with the general type of
flame holder being used might lead to performance improvements in
the lean range of fuel-~air ratios, the Investigation reported herein
wag conducted.,

The performance investigation included operatlion over the
stable-burning range of fuel-alr ratios for a simulated Mach number
of 2.0 at altltudes of 45,000, 50,000, and 55,000 feet, Two
annular-gutter flame holders similar to those of reference 2 and
one radial-gutter flams holder were used, Rich and lean limlts of
combugtion, combustion efficlencles, and other combustlon~chamber
variables are presented., A comparison of the combustion performance
of configurstlions with and without a pilot burner is also presented.

APPARATUS
Description of Engine

A schematic diagram of the test englne ls shown In figure 1,
The inner body contours, including the diffuser cone, and the
Inside contours of the outer shell aft of station 31 correspond to
those of the flight engine., The bellmouth convergent-divergent
inlet nozzle surrounding the cone accelerated the inlet air from
stagnation conditions in the test chamber to a Mach number of about
1.6 at station 31, Statlon 31 corresponds to the lip location of
the flight engine and 1.6 1s the expected 1lip Mach number of the
flight engine at a £flight Mach number of 2,0, Four inner-body
support longerons spaced 90° apart and extending from station 35
to the aft end of the inner body formed four separate flow channels
for the ailr entering the combustlion chamber. The flame holders
and the center pllot burner were mounted at the aft end of the
inner body. The combustlon chamber, most of which was water-
Jacketed, had an inside diameter of 28 inches and an effective
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length of approximately 57 inches. The throat area of the convergent-
divergent exhaust nozzle following the combustlon chamber was 55 per-
cent of the combustion-chamber aresa,

Installation in Altitude Chamber

A schematic dlagram of the engine mounted in the altitude test
chamber 1s shown In figure 2, A forward baffle attached to the
engine by means of a flexible seal 1solated the inlet alr supply
from the low-pressure compartment provided for the engine exhaust,
A resr baffle surrounding the engine near the exhaust nozzle pre-
vented recirculation of the hot exhaust gazses around the engine,
Other details of the installastion are given in reference 1.

- Pilot Burner

The inner body of the engine used for the investigations of
references 1 and 2 tapered to & polnt at the aft end, where the
flame holder was mounted, The inmner body was approximately the
same length for the pilot-burner configurations as for the con-
figurations of references 1 and 2, but terminated bluntly instead
of tapering to a point. A can-type burner was mounted on the
blunt end of the Inner body at statlon 238 in the engine.

An exploded view of the pllot burner and the flame holder is
shown in figure 3. The pilot burner conslsted of a swirl plate,
6 inches in diameter, mounted over 1/2-inch spacers on the blunt
end of the Inner body and a skirt 4.4 Iinches long mounted on the
swirl plate and flaring to & diameter of 7.8 inches at the down-
gtream end. The swirl plate lncorporated radlal louvers punched
and bent 30° from the surface to form flap-type openings for admis-
sion of a swirling primery alr supply. The flow of primary alr into
the pilot burner was from the 1/2-inch space provided between the
inner body and the swirl plate., Holes 5/8 inch In dlameter punched
in the skirt admitted the maln slr supply for the pllot burnsr.

Fuel for the pilot burner was admitted through a commercial
conical spray nozzle in the cenber of the swirl plate. The pillot-
burner fuel nozzle, spraying aft, was rated at 28 gallons per hour
at a pressure differential of 100 pounds per square inch, A spark
plug located below the fuel nozzle was used for ignition In the
test engine,

SOMBIRNRISEES ™y
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Flame Holders

The three flame holders used were constructed of intercomnscted
60° Included~angle V cross section gutters with the apex of the V's
pointed in the upstreem direction. On each flame holder, four small
radial gutters fitted into notches 1n the pilot-burner skirt to con-
nect the main flame-holding system of gutters to the pilot burner,
The flame holders were mounted on the outer shell at statlion 240.
The following summery glves the essential features of the flame
holders inyestigated

Configuration 1 had a flame holder, shown in figure 4, with
four 1.38-inch wide, staggered, armular gutters. Theee gutters
were interconnected by radisl plates (parallel to alr stream) with
gutter segments attached to the downstream side., The projected
blocked area was 54,0 percent of the combustlion-chamber area.,

Conflguration 2 had a flame holder, shown in figure 5, with two
2,00-inch wide, staggered, amnular gutters interconnected by radial-
gutter struts. The projected blocked area was 45,0 percent of the
combustion~chamber ares., )

Configuration 3 had a flame holder, shown 1n figure 6, with
12 radial gutters 1.15 inches in wldth at Inner radluvs L£laring to
2.00 Inches in wildth &t outer radius., The radilal gutters were
Interconnected near each end by 1.00~-inch wide annular-gutter
gtruts. The proJected blocked aree was 41,0 percent ©f the
combustion~-chamber ares,

An additional blocked area of 7.7 percent resulted from the
presence of the pllot burner (based on the 7.8-1in, diameter of the
near aft end of the skiri),

Tlare cases (simlilar to ones contemplated for wse in starting
the f£light engine) were mounted in three locations on each flame
holder (figs. 4, 5, and 6). On each of the flame holders, one of
these flare cases had holes punched in the wall for sdmission of
alr and was equipped with a fuel nozzle and spark plug, which pro-
vided an alternate igniter for the englne when the pilot-~burner
ignition falled to operate.

Fuel-Injection System
Fuel was injected at statlon 208 through eight circular-arc

- menifold segments arranged In palrs in each of the four quadrants
(formed by the inner-body support longerons) to form two concentrio

g
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manifolds, The concentric-circle arrangement, in contrast to the
staggered arrangement for references 1 and 2, was In accordance
with the flight-engine confliguration anticipated at the time the
runsg repcrted were made, Each palr of manifold segments was sup-
ported by a hollow streamlined strut that passed through the
outer shell, BEach of these struts also served as the fuel-supply
channel for the manifold segments and was divided 1nto two flow
passages to permit individual control of flow to either the lnmner
or outer manifold segment., Bach of the two manifold rings was
supplied by a can-type flow divider, to which the fuel pressure
was regulated by a throttle valve. A pressure balancing line
between the Flow dividers provided for equal fuel pressure to all
eight manifold segments when desired.

Bach manifold was equipped wilth spring-loaded fuel-Injectlon
nozzles, similar in design to those described 1n reference 1, which
were directed upstream, Twenty-four fuel nozzles were installed in
the outer manifold (six in each quadrant) and were inclined at an
angle of 1° toward the engine center line, Sixteen fuel nozzles
were installed in the inner manifold (four in each quadrant) and
were inclined at an angle of 3° toward the engine center line, The
outer ring of nozzles was at a radins of 12.4 inches and the lnner
ring of nozzles was at a radius of 9.0 inches. The radil of the
oubter shell and inner bedy in the plane of the fuel-nozzle dis~
charge were 14,0 and 7.3 linches, respectively,

Instrumentation

Fuel Plow was measured with a calibrated adjustable orifice
nmeter, Alr flow was determined from a calibration of the choked
bellmouth inlet nozzle of the engine. This calibration, estab-
lighed during the investigatlons reported in references 1 and 2,
was used instead of direct measurements of air flow obtained from
e gharp-sdge orifice in the inlet-air supply line in order to
reduce data scatter brought about by air-flow-measurement pressurs.
fluectuations.

The locations of btemperature, static-pressure, and total-
pressure measurements within the engine are shown in figure 1.
Engine-inlet total temperature and pressure were measured by
thermocouple and pressure rakes at the bellmouth entrance., Total-
and statlic-pressure surveys across the annular diffuser were made
approximately 13 inches upstream of the flame holder In two of
the four quadrants., Static pressures were measured, for reference
purposes, along the wall of the inner body and along the wall of

COMRBRRENEIAL, * - -»
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the water-Jacketed combustlon chamber., Water-cocled rakes were
used to measure total pressure at the combustion-chamber outlet,
Static pressure in the exhaust-nozzle throat was measured by wall
gtatic taps and by water-cocled trailing static tubes (having a
length-diameter ratio of 27) mounted on the water-cooled total-
preasure rakes 1n the combustilon-chamber outlet.

PROCEDURE

The investigation reported herein was for a simulated free-
stream Mach number of 2,0 at altitudes of 45,000, 50,000, and
55,000 feet. The fuel-air ratio range covered was from lean blow-
out to rich blow-out or, i1f rich blow-cut 414 not occur, to some
fuel-alr ratlo above C.07.

The inlet air was preheated to 250° F to simulate the ram
temperature at a flight Mach number of 2.0 In the altitude range
investigated by mixing the products of combugtlon from an ailr
heater with the inlet-air supply. An air-heater fuel-air ratio
of about 0.002 wag required to maintain an inlet-alr temperature
of 250° F. With the heater in operation, the pllot burner or
flare-case lgniter was ignited at a bellmouth-inlet total pressure
of about 40 inches of mercury absolute and an englme-outlet statlc
pressure of about 25 inches of mercury absolute, These conditions
resulted 1n a burner-inlet veloclty of about 200 feet per second
for the gtarts. After the maln fuel flow was started and burning
in the combustion chamber was establlished, the exhaust pressure
was reduced to & value below that required to choke the exhaust
nozzle; the exhaust nozzle remained choked for all runs,

In order to simnlate a given altibtude for the steady-burnlng
runs, the stagnation pressure at the bellmouth inlet was set to a
value correspornding to that behind the obligue shock off the dif-
fuser cone of the flight engine. The air flow for the test engine,
as determined by the bellmouth-inlet pressure setting, corresponded
to that for supercritical operation of the flight engine; there were
no provisions on the test engine for subcritical air-flow spillover
simulation, With the inlet pressure and temperature set, the fuel~
air ratioc was varied in amall Increments and data were taken at
stabilized burning condliions,.

The runs were made with a constant pilot-burner fuel pressure,

which was established by investigating its effect on lean limit of
combustion for configuration 1 at simulated altitudes of 45,000 and

oomrEETER.,.
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55,000 feet. The leanest limits of combustion occurred at a pilot-
burner fuel pressure of 150 pounds per square Inch for both alti-
tudes. This pressure was used for all burning runs for the three
configurations Investigated. A check at a simulated altitude of
55,000 feet and a fuel-air ratio of (0.035 showed that changing the
pilot fuel pressure from 50 to 150 pounds per square Inch did not
affect the combustion efficiency.

The contributicn of the pilot burner to the total fuel flow
supplied to the combustion chamber varied from 2 percent at the
highest rates of total fuel flow investlgated to 11 percent at the
lcowest rates.

In order to conform with the obJectives of the preliminary phases
of the missile development program for this engine, the fuel used in
this investigation, as well as that of references 1 and 2, was
commercial-grade normal hepbane, Two methods of fuel injection were
used and are defined as follows:

1. Uniform injsction: InJection at squal fuel preassures
through all nozzles in both inner and oubter manifolds,

2. Annular injection: Injection through nozzles in inner
menifold cnly.

Annular inJection was used to extend the operating range to leaner
fuel-air ratlos than were generally possible with uniform inJjection.

Blow-out was detected by the change in sound level, observa-
ticn of blow-out through a periscope viswing the discharge of the
engine, and automatic fuel-flow cut-off through the action of a
photoelectric flame-sensing element attached to the combustion cham-
ber, The fuel fiow and the bellmouth-inlet total pressure observed
at the time of blow~out were used to determine the fuel-air ratio
defining the limits of combustion,

The symbols and the statlon locaticns used throughout the
report are defined in the appendix, Combustion efficiencles were
calculated by the methods oubtllined in reference 2,

RESULTS AND DISCUSSION
Configuration 1
The ccmbustion-chamber performance variables at simunlated

altitudes of 45,000, 50,000, and 55,000 feet for configuration 1
are presented in figure 7. As illustrated in references 1 and 2, the

PRI L e
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gag~-flow factor p5A5/w5 is approximetely proporitional to the

gquare root of the cambustlon-chamber-outlet tempsrature, The

data in filgure 7(a) show that for anmular injection the combustion-
chamber-outlet tempersture increased as the fuel-air ratio Iincreased
from 0.02 to 0.04 and that for uniform injection a similar trend
occurred with increasing fuel-air ratlo up to a value of approxi-
mately 0.06, above whlich there was a slight decrease. For both
ammular end uniform injection, the combustion-chamber-outlet tem-
perature at a given fuel-alr ratio decreased with increasing
altitude,

Combustion efficiencies computed from the data in figure 7(a)
are presented in figure 7(b) as functions of fuel-air ratio and sim-
ulated altitude, At a constant simulated altitude, the pressure and
the velocity at which combustlion occurred veried with fuel-alr ratio
according to the requirements for continuity of mass flow through
the choked exhaust nozzle. The variations in combustion efficlency
shown in figure 7(b) were therefore functions of the combined effects
of three variasbles: fuel-air ratlo, pressure, ani velocity, The
gimultaneous variatlions of these three varisbles are represented by
plots of combustion~chamber-outlet total pressure and combustlon-
chember-inlet Mach muwmber as functions of fuel-alr ratlo; these
plots are shown in figures 7(c) amd 7(d), respectively.

The combustion efficiency was almost constent at & value of 0.9
between fusl-air ratios of 0,06 and 0,09 for simulated altitudes of
45,000 and 50,000 feet, At constant simulated altltude, combustion
efficiencies obtained with uniform Injection decreased very rapidly
a8 the fusl-alr ratio was reduced below approximately 0.050. These
reductions in combustion effilciency with decreasing fuel-alr ratio
were accompanlied by pronounced decreases iIn combustion~chamber-
outlet pressure and incrsases In cambustion-chamber-inlet Mach
number, :

Within the comparable range of fuel-alr ratios for which data
were obtained, annular Injection resulted in higher combustion effi-
clencies than were obtalned with uniform injectlon. At a fuel-alr
ratio of 0,04, the combustlon efficiency for annular injJectlon was
0.14 higher than for uniform injection at 45,000 feet and 0.08
higher at 55,000 feet. Although no data were obtalned for fuel-
alr ratios greater than 0,041 for annular injection, the trends of
the curves'in figures 7(a), 7(b), and 7(c) indicate that a superi-
ority in combustion effliciency for anmmulaer injection would be main-
tained up to & fuel-air ratio of about 0,047,

2025
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; Steady-burning polnts were obtalnsd over a range of combustion-
chamber-outlet pressures from 670 to 2000 pounds per square foot, as
shown in figure 7(c), where the limits of combustion are also pre-
sented, The lean 1limit of combustion for annular injection
increased from & fuel-air ratio of 0,019 to 0.021 as the simulated
altitude increased from 45,000 to 55,000 feet and for uniform injec-~
tion increased from 0.031 to 0.033 for the sams increase in alti-
tude. The rich limit of combustion decreased from & fuel-air ratio
of 0.099 (not shown on fig. 7(c)) at a simulated altitude of

45,000 feet to 0.053 at 55,000 feet, resulting in a rapidly narrowing
operating range as the altitude increased, Similarity of slopes of
the curves defining the rich limit of combustlon and steady burning
in a region of fusl-air ratioc common to both indicates that at an
altitude of 55,000 feet the resultling pressure levels in the com-
bustion chamber were almost the minimum values at which stable com-
bugtion could be maintained at a8ll Pfusl-air ratios,

The method used to determine combustlion-chamber-iniet Mach
number from total- and static-pressure measuremsnts sahead of the
flame holder is explalined in reference 1. Values of Mach number
obtalned in the two guadrants did not agree. at similar conditions
of operation and the date presented in figure 7(d) were selected
from the quadrant that gave velues most consistent with theoretical
values determined from the fuel-alr ratlo and combustion efficiency.

The ratio of combustion-chamber-outlet to -inlet total pressure
(fig. 7(e)) was almost a constant value of 0.925 betwsen fuel-air
ratios of 0.04 and 0.07 and decreased to a value of about 0.88 at
a fuel-gir retio of 0.02., Simulated altitude or pressure level in
the combustion chamber had a sglight effect on the pressure ratio,
The combustion-chamber pressure losses are of interest only at
fuel~-alr ratlios for critical or subocritlcal operation of the ram-
Jet engine., When the ram-jet engine is operating supercritically,
the mass flow into the inlet is fixed by the free-sbtream Mach num-
ber and altitude. Thus the combustion-chamber-outlet pressure, and
thersfore the comblined pressure losses in the combustion chamber
and the diffuser, are fixed by the combustion temperabture and the
fuel flow.

The ratio of the combustion~-chamber-outlet total pressure to
exit-nozzle-throat static pressure shown in figure 7(f) was a func-
tion of the type of injection and, for uniform injJection, 'increased
with increasing fuel-alr ratio, From consliderations of isentropic
flow between stations 4 and 5, ideal one-dimensional choked flow at
statlon 5, and the physlcal properties of the gas, the pressure
ratio would be expected to decrease from 1.87 in the low range of
fuel-air ratios to 1.8l in the high range. Because combustion

QRAFE-EE - .
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efficlency is based on a combustion tempserature obitalned from mass
flow and pressure measursments (reference 2), these unusuval vari-

ations 1n exhaust-nozezle pressure ratio cbbtained in the investiga-
tion indicate a possible departure from ideal one~-dimensional flow
and, consequently, slight errors in obtalned values of combustion

efficlency.

Burning for this configuratlion was generally smooth, and blow-
out occcurred suddenly and without warning, Near the lean limit of
combustion, visible flams was confined to the center of the burner
for both annnlar and uniform fusl iInjection.

Configuration 2

The performance variables for configuration 2 are presented
in figure 8, The peak combustion efficiencies obtained with unl-
form injection (fig. 8(b)) were slightly lower, and the decrease
in combuastion efficlency with deoreasing fuel-air ratlo was not
as pronounced as for configuration 1, Combustlon efficlencies
obtained with ammular injection were about egual to those for con-
figuration 1 at similar altlitudes,

The lean limit of combustion with annular injection (fig. 8(c))
varied from a fuel-air ratio of 0,025 at a simulated altitude of
45,000 feet to 0.029 at 55,000 feet. The rich limit of combustion
with uniform injection, obtainsd only at a simulated altitude of
55,000 feet, was at a fuel-air ratlio of 0.0689. Operation at sim-
ulated altitudes of 45,000 and 50,000 -feet was obtalned at fuel-
alr ratlos greater than 0.07.

Insofar as practical opsration is concerned, both configura-
tions 1 and 2 have similar maximum useeble fuel-alr ratiocs of
0.085 or 0,070 at and below altitudes of 50,000 feet. Operation
at higher fuel-air ratios approaching the rich 1limit of combustion
for either configuration would yleld no significant thrust increases
for the increases in fuel consumption. On the basis of lean limits
of combustion, however, configuration 2 is inferior to .
configuration 1,

Over the entire fuel-ailr ratlio range for conflguration 2 the
combustion-chamber pressure ratio (fig. 8(e)) was approximately
equal to that obtained for configuration 1., Burning characteris-
tics for this configuration were also simllar to those for
configuration 1.,

-
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Configureation 3

The combustlion-chamber performance variables for configura- ,
tion 3 are shown in figure 9. Below fuel-alr ratios of 0,055, the
combustlon efficlencies obtained with uniform injection (fig. 9(b))
were higher then those for confligurations 1 and 2, Above fuel-air
ratios of 0.055, the combustion efficlencles were about equal o
those obtained for configurations 1 and 2,

The use of annular inJection resulted in essentially no
Improvement in the lean limit of combustion. Blow-outs with annu-
lar injection were encountered at fuel-air ratios of 0.032, 0.036,
and 0.039 for a simulated altitude of 45,000 feet and, ae can be
seen In figure 9(c), these limits almost bracketed the annular
injection steady~-burning points., This lack of Improvement in the
lean l1imit of combustion indicates that local enrichment alons is
Ingufficient for realization of combustion-1limit Improvement; the
zones of fusl-air-ratic enrichment must coincide to the fullest
extent possible with the areas of bloockege provided by the Fflame
holder. Because the flame holder for configuration 3 was predcmi-
nantly & redlal-gutter type, the use of local enrichment in quad-
rants (as in reference 1) might have resulted in improvement in the
lean limit of combustion.

The combustion-chamber pressure ratioc (fig. 9(e)) was from
2 o0 3 percent higher than for configurations 1 and 2. Burning
characteristics, other than slightly rough and erratic operation
at lean fuel~air ratios, were similar to those for configurations 1
and 2,

Configuration 3 was the poorest of the thres configurations
investigated, primarily because of falilure of annular injection to
extend the lean limit of combustion,

Comparison of Configurations with and
without Pilot Burner

The configurations of references 1 and 2 had a subsonic 4if-
fuger afterbcdy that tapered to a point at the aft end and incor-
porated two longltudinally staggered circular fuel manifolds. These
features contrast with the blunt-enmd afterbocdy and concentric-
circle fuel manifold arrangement of the pllot-burner configurations.
The differences in performance of configurations with and without
pilot burners must therefore be attributed to the combined effects
of 8l]l the differences In physical conflguration and not only to

COMIIRAR . .,
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the action of the pilot burner. The blocked areas of the flame
holders for configurations with the pilot burner and the config-
wratlons of reference 2 are wlthin & comparable range.

A comparison of the limits of combustion for pilot-burner con-
figuration 1 of this report with two of the best configurations of
refersnce 2 1s shown in figure 10, Flame holders 3 and 5 of refer-
ence 2 were used in these configurations, Both flams holders had
2,00-inch annuler gutters, and the percentage blocked areas were
45.0 and 60.0, respectively. At a simulated altitude of
50,000 feet, the rich-limit fuel-air ratio with uniform injection
was essentially the same (about 0.077) for all three configurations.
The behavior of the rich limits with altitude were different, how-
over, with the pllot-burner rich 1limit belng more sensitive to
changes in altitude. The lean-limilt fuel-alr ratios with annuler
injection increased . with altitude at approximately the sams rate
for all three confilguretions. The lean-limit fuel-air ratlo was
about 0.02 for the pilot-burner conflguration, oompared with approxi-
mately 0.03 for the two configurations without a pllot burner. This
lean-1imit superliority of the pilot-burmner configuration is particu-~
larily signifilcant because the two confilgurations from reference 2
were anmong those wlth the leaneat combustion limits,

A comparigon of combustlon efficliencles and combustion~chember
rressure ratios at a simulated altitude of 45,000 feet for config-
urations with and wilthout pilot burners is shown in figure 11, Over
the entire range of fuel-air ratios covered, the differences between
obtalinable combustion effliciencles for the pllot~-burner configura-
tion and ‘the configuratlons without pllot burners was small. Above
a fuel-alr ratio of 0,05, the combustion efficiency for the pilot-
burner configuration was consistently lower than for the flame
holder 5 configuration of reference 2,

The combustion-chamber pressure ratios (fig. 11(b)) were almost
equal (0.92) for both the pilot-burner configuration and flame
holder 5 of reference 2., The plilot-burrner configuration had a
combustion=-chamber pressure ratio aboubt 2 percent lower than that
for the flsme holder 3 configuration of reference 2.

A plot of the ratio of combustion-chamber-outlet stagnation
pressure to altitude ambient pressure as a functlon of fuel flow
1s presented in figure 12 for the three conflgurations at a sim-
ulated altitude of 45,000 feet. This over-all pressure ratio 1s
e relative measure of thrust and these curves permit & properly
evaluated comparison of configuretlions because the combined effects
of combustion efficlency and combustion-chamber pressure ratio are

LNy . -
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included, On the curves for annular injection, points are shown

to indicate the lean limits of combustlon. The subsonlc~diffuser
critical polnts shown on the curves for uniform injection were
ostimated on the basls of a normal shock at the cone-surface Mach
nunber of the flight engine, a tobtal-pressure ratio of 0.93 in the
subsonic diffuser, and the combustion-chamber pressure ratios shown
in Pigure 11(b). The portion of the curves extending to pressure

4ratios greater than the diffusger critical values iIn figure 12 are

meaningless because of the direct-conneoct features of the test
installstion, but were retaeined primarily for curve identiflcation.

The pilot-burner configuration and the flame holder S5 config-
uration of reference 2 had the same over-all pressure ratlos, and
hence thrust, at the critical point but the fuel flow for the
pilot-burner configuration was 7.5 percent greater. The pllot-
burner configuration had an over-all pressure ratio at the criti-
cal point 2.5 percent lower than that for the flame holder 3

configuration.

The pilot-burner configuration would permit operation at a
ninimm over-all pressure ratio of 3.3 compared with approximastely
4,1 for the configurations without pllot burners, Thus, the pllot-
burner configuration had approximately the same performance over
the comparable operating range of fuel-alr ratios but enmabled oper-
ation at lower values of fuel flow and thrust before lean blow-out
was encountered, A greater combustion-chamber performance range
would therefore be avallable for adaption to the regquirements of
the desired missle flight plan.

SUMMARY OF RESULTS

A direct-connect altitude-test-chamber investligation of the
combustion perfcrmance of a 28~inch ram-Jet engine with a can~type
center pilot burner has been corducted &t a simulated free-stream
Mach number of 2.0 and altitudes of 45,000, 50,000, and 55,000 feet.
Configurations employing two different annular-gutter flame holders
ard one radial-gutter flame holder were investigated., The following
regults were obtalned:

1. The configuration employlng a four-ring annular-gubtter flame

holder was the best of the three configurations investigated, pri-
marily because of betbter lean limits of combusitlon,
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2, The configuration employing the four-ring annular-gutter
flame holder blocking 54.0 percent of the combustion~chamber area
had an operating fuel-alr-ratio range varying from 0.018 to 0.099
at 45,000 feet and from 0.021 to 0.053 at 55,000 feet., The rich
limits of combustlion were obtained with uniform fuel injectlon
(equal fuel pressures to both.of the concentric-ring manifolds)
and the lean 1imits with amnular injectlon (injection with the
inner manifold only).

3. A comparison of lean burning limlts for the three conflgu-
rations Investigated indicated that improvement of the lean limits
of combustion by local fuel-air ratio enrichment can be accomplished
only through provision of flame-holder blockage to coincide with the
zoneg of fuel-alr enrichment.

4. A constant combustion efficienocy of about 0.9 was cbbalned
with the four-ring annular-gutter flame holder between fuel-alr
ratics of 0.06 and 0,09, Combustion efficlencies obtained with
uniform injection decreased rapldly as the fusl-air ratio was
reduced below 0,050; combustion efficilencles with anmuilar injection
were higher than for uniform injection within the comparable range
of Puel-air ratios (0.04 and below).

5. Comparison of performance of the pilot-burner configuration
employing the four-ring annular-gutter flame holder with configura-
tiong without a pilot burner showed that performance differences
within the comparable range of steady~burning fuel-air ratlios were
small, The pilot-burner configuration was best, however, because
its lean limit of combustion was at a fuel-air ratio of approxi-
mately 0,02 compared wilith approximately 0.03 for the configurations
wilthout the pilot burnsr.

Lewis Flight Propulsion Laboratory,
FRational Advisory Committee for Aeronautics,
Cleveland, Ohilo,
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AFPPENDIX - SIMBOIS

The following symbols are used throughout this report:

A area, gq £t

M Mach number

P total pressure, 1b/sg £t absolute

. static pressure, 1b/sq £t absolute

v  weight flow, 1b/sec

n combustion efficiency

Subscripts:

a altitude ambient

o} conditions at test-engine inlet (station 0)

2 conditions at combustion-chamber inlet (station 228)
2 conditions at station 2 adjusted to combustion-chamber ares
4 conditions at combustion-chamber outlet (station 292)
5 conditions at exhaust-nozzle throat (station 309)
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(c) Combustion-chamber-cutlet total pressure ard limits of combustion.

Figure 9. - Combustion-chamber performance variables for pilot-burner configuration 3.
radial gutters; 41.0-percent blocked area.
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